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Abstract: Pilot results showing the potential of sub-microsecond laser pulse shaping to optimize
thermomechanical confinement in laser-tissue interactions involving microcavitation are presented.
Model samples based on aqueous suspensions of retinal melanosomes and eumelanin particles
were irradiated at 532 nm with nanosecond laser pulses and picosecond laser pulse trains having
differing shapes and durations. The cavitation threshold radiant exposure and the bubble lifetime
above the threshold were measured using a pump-probe setup and sub-nanosecond time-resolved
imaging. Both quantities were found to strongly depend on the pulse format. These results
suggest that sub-microsecond laser pulse shaping could be exploited to optimize precision and
control in numerous applications of laser-directed microcavitation, including selective retinal
laser treatments.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser-directed microcavitation is a process by which microscopic transient vapor bubbles are
generated within a medium, upon heating resulting from the absorption of electromagnetic
radiation. This process has important biomedical applications, notably in ophthalmology, where it
is employed for selectively damaging target cells and tissues in treatments of retinal diseases such
as diabetic retinopathy [1-28]. Laser therapies are targeting the retinal pigment epithelium (RPE),
the pigmented layer posterior to the neural retina containing eumelanin-charged melanosomes.
In laser therapies and laser surgery, tissues can be affected both structurally and functionally
through different mechanisms, depending on the irradiation conditions and on tissue characteristics.
First, heat diffusion around absorbing structures such as melanosomes can lead to thermal
denaturation of proteins and/or nucleic acids and eventually causes cell death [29-33]. Secondly,
thermo-mechanical effects involving a phase transition can induce transient vapor bubble
formation causing mechanical damage to the cells and tissue disruption [29-31,34]. When
the laser energy is absorbed at a rate that exceeds the heat diffusion rate in the tissue, heat
accumulates in the irradiated volume as it cannot escape via heat conduction, a condition termed
thermal confinement. Thermal confinement allows for maximizing the temperature in the heated
volume and transient bubbles can be created with relatively low absorbed laser energy when the
temperature rises above the vaporization temperature of the medium that surrounds the absorbers.
This bubble formation mechanism is termed explosive vaporization. Heat accumulation also
creates thermoelastic stresses due to the thermal expansion of a material. When heat accumulates
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faster than the acoustic relaxation rate of the material, a high pressure can build up in the heated
volume and thermoelastic stress transients with significant compressive and tensile components
can be generated. This condition is called stress confinement. Cavitation bubbles can be generated
in liquids under stress confinement conditions when the temperature rise produced per laser pulse
is sufficient to create a tensile stress wave whose amplitude exceeds the tensile strength of the
liquid. This bubble formation mechanism can occur at laser fluences and temperatures that are
significantly lower than the ones required for explosive vaporization, and was studied extensively
for ultrashort laser pulses [35-37]. In most practical situations, the total volume of tissue affected
both thermally and thermomechanically must aim to be controlled in order to achieve predictable
endpoints without creating collateral damage. As such, simultaneous confinement of heat and of
the cavitation bubbles, in the vicinity of the targeted area, is desired.

Selective retina therapy (SRT) [1-6,8,12,15-18,22,24-26] represents a particularly relevant
application where such damage confinement is critical. SRT has been introduced as an alternative
to classical photocoagulation, a widely employed therapy for the treatment of different macular
diseases [38]. Despite its efficacy, laser-directed photocoagulation can have adverse effects on
the visual acuity of the patient due to the irreversible thermal destruction of photoreceptors. This
is a result of the long exposure times (2-100 ms) that are typically employed in this procedure,
that can produce significant heat conduction between the RPE and the neural retina [22,39].
The rationale of SRT is to confine damage to the RPE layer using shorter (~microsecond)
exposure times, with the destroyed cells being presumably replaced by the subsequent migration
and proliferation of neighboring healthy cells [3,5,23,40,41]. For laser pulse duration shorter
than a few ps, microcavitation around melanosomes of the RPE cells becomes the dominant
mechanism of cell injury [5,9—-11,13,14,42]. From a clinical perspective, it is crucial that bubble
size reproducibility and control are ensured during SRT treatments for confining damages to
the RPE layer and for sparing adjacent healthy photoreceptors, which is required to preserve the
visual function of the patients. It is therefore of prime importance to understand the impact of the
irradiation conditions on heat diffusion and on thermomechanical cavitation bubble formation
dynamics in the context of SRT in order to ensure truly selective targeting of the RPE.

Background work examining the influence of time-domain irradiation parameters on the
spatial extent of thermal and thermomechanical damage produced by microcavitation has mainly
focused on the impact of the laser pulse duration [5,8,12,15-17,19,21,43—47]. From these
studies, it is now well established that as the pulse duration is reduced from the microsecond
to the nanosecond range, the threshold radiant exposure to initiate microcavitation around
melanosomes is also reduced because of improved thermal confinement. Indeed, as the pulse
duration becomes shorter than the characteristic heat diffusion time within a melanosome (<1
us), steeper temperature gradients can be produced and the critical temperature for bubble
formation via explosive vaporization can be reached at the surface of the melanosomes with
less energy delivered to the tissue, compared to longer pulses. For individual pulses in the
sub-nanosecond regime, bubble generation can be triggered at even lower radiant exposures when
stress confinement conditions are met (stress-confined bubble generation instead of explosive
vaporization). In the case of melanosomes, stress transients originating from thermoelastic
effects become relevant for pulse durations below 100 ps [48,49]. Nanosecond and picosecond
pulses are therefore more attractive than microsecond pulses from a purely thermal point of
view, because microcavitation can be triggered with lower levels of laser energy and with better
spatial confinement of thermally-induced damage. However, the total volume of tissue altered by
microcavitation is not solely determined by this photothermal contribution. Bubble expansion
and collapse can create damage beyond the thermally affected region.

In microcavitation experiments carried out with suspensions of porcine melanosomes in water,
Neumann and Brinkmann reported [4,16,17] that short (e.g. 12 ns) pulses produced a steep
increase in the average bubble size with radiant exposure, while longer (e.g. 0.24 and 1.8 pus)
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pulses yielded a self-limited, constant bubble size over a certain range of radiant exposures above
threshold. These results suggest that the benefit of using shorter pulses from a thermal perspective
can be outweighed by more explosive vaporization that can limit control over the volume of
tissue altered thermomechanically. When considering solely the thermomechanical damage,
microsecond pulses are preferable since bubbles of a limited volume can be produced without a
strong dependency over the applied radiant exposure. This represents a safer option for clinicians
in the context of variability in eye transmissions and pigmentation levels from patient to patient.
As such, SRT procedures currently rely on laser pulses having a duration of ~ 1.7 ps, mainly to
limit the risk of scotoma (partial vision loss) and/or bleeding associated with the lack of control
over the volume of the cavitation bubbles produced by short nanosecond pulses. Conversely,
the use of microsecond pulses involves a sacrifice on the thermal confinement of damages.
Since melanosomes tend to gather on the apical side of the RPE [5,50,51], close to the RPE-
photoreceptor interface, the distance between individual melanosomes and the photoreceptors
can be as small as 1 um or even in the sub-um range. With typical heat diffusion rates of roughly
1 um/ps in tissues [22], the risk of photothermal damage to the fragile photoreceptors is expected
to grow when employing pulses longer than 1 ps. Therefore, it seems reasonable to hypothesize
that the optimal therapeutic bandwidth for SRT will be obtained with pulse duration of a few
hundreds of nanoseconds, where the crossover from photothermal to thermomechanical damage
is expected to take place. However, a relatively limited amount of data is available in this range
[5,8,44,45], maybe due to the limited flexibility of Q-switch lasers having been employed so far.
Thus, optimal pulse characteristics remain unknown.

The concept of pulse duration gives limited information about rates of laser energy deposition
in tissues, such rates being actually determined by the pulse amplitude profile or shape. The
recent advent of nanosecond and picosecond fiber lasers with flexible pulse formats [52-57]
opens up new opportunities for improving control and precision in laser treatments involving
microcavitation. Pulse shape tailoring can be used to finely adjust the rate of energy coupling
in tissues and can, in principle, be tuned to generate ideal temperature fields allowing for
a precise control of both heat diffusion and the kinetics of vaporization, thereby optimizing
thermomechanical confinement.

The aim of this study is to investigate the effects of temporal shaping of nanosecond laser pulses
and picosecond laser pulse trains on cavitation thresholds and bubble dynamics around melanin
granules and retinal melanosomes. To the best of the authors’ knowledge, no experimental results
on the impact of the pulse shape on laser-directed microcavitation have been reported so far in
the sub-microsecond regime.

2. Materials and methods
2.1.  Melanin granules sample preparation

A few milligrams of melanin from Sepia officinalis (Sigma-Aldrich Co. LLC) were resuspended
in distilled water and vortex-mixed for 20 s at 2500 rpm. Using a syringe, 2-3 drops of the
suspension were deposited on a microscope slide. The sample was then sealed with a cover slip
and vacuum grease. Examination of a typical sample by scanning electron microscopy (SEM)
reveals the presence of granules having diameters ranging from <1 um to a few tens of microns.
It was also found that although roughly spherical in shape, the granules possess some depressions
or crevices and are in fact compact aggregates of smaller sub-units or monomers having a typical
diameter of ~150 nm.

2.2. Preparation of RPE melanosome suspensions

Freshly enucleated bovine and leporine (rabbit) eyes were obtained from local slaughterhouses.
The eyes were cut equatorially and both the vitreous and the neural retina were removed from
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the posterior hemisphere to expose the RPE. To extract the melanosomes, the RPE was scraped
mechanically while in a bath of distilled water (osmotic shock). Few drops of the melanosome
suspension were deposited on a microscope slide and sealed with a coverslip and vacuum grease.

2.3. Pump-probe setup

A pump-probe setup (Fig. 1) was built around an inverted microscope (Nikon Eclipse TE2000-U).
Isolated melanin granules and melanosomes were irradiated in single shot mode at 532 nm in two
series of experiments using a frequency-doubled fiber laser platform (INO MOPAW) offering
programmable pulse shapes. The energy per pulse being transmitted to the sample was controlled
with a variable attenuator (rotating half-wave plate followed by a Glan-Taylor polarizer), its value
was determined using a joulemeter (Coherent model J-10SI-LE). The pulse amplitude profile
was monitored with a photodiode (EOT ET-4000).
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Fig. 1. Schematic representation of the pump-probe setup. AOM: acousto-optic modulator,
APD: avalanche photodetector, ICCD: intensified CCD camera, GTP: Glan-Taylor polarizer,
A/2: half wave plate (532 nm). The different pulse formats employed for the microcavitation
experiments are shown in the inset at the right of the MOPAW laser. For the twin pulses,
triplet pulses and quintuplet pulses formats, the sub-pulses have a duration of 2.2 ns FWHM.
Sub-pulses in the triplet and quintuplet formats are evenly spaced. Also shown in the inset:
comparison of the amplitude profiles in the nanosecond (black curve) and PB (red curve)
laser operating modes for a given energy and pulse format (reprinted with permission from
ref. 57). The durations employed for each pulse format and laser operating mode can be
found in Table 1.

The laser beam was focused onto the sample using a 5X objective (Mitutoyo 5X M-Plan NIR),
which yielded an approximately Gaussian laser spot with a 1/e? diameter of ~ 18 um at focus.
Cavitation bubbles around individual particles were observed by means of time-resolved imaging
using a 40X microscope objective, a strobe illumination source (pulsed laser diode PicoQuant
LDH series, former model LDH-8-1-1061, pulse duration ~ 500 ps, pulse energy ~ 125 pJ,
full width at half maximum (FWHM) spectral bandwidth of 3 nm) and a gated ICCD camera
(Andor iStar DH734-18U-A3). The strobe source was coupled in a multimode fiber (100 um core
diameter) whose output was imaged on the sample to produce a uniform illumination field having
a diameter of ~ 330 um. The delay between the laser trigger signal and the strobe source trigger
signal was adjusted to visualize cavitation bubbles at different instants following the arrival of
the laser pulse at the sample.
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Table 1. Pulse durations (given in nanoseconds) employed in the experiments involving differing
pulse formats?, laser operating modes and sample types.

Laser operated

Laser operated in picosecond
in nanosecond burst (PB)
mode mode
Leporine Leporine
Melanin Bovine (rabbit) (rabbit)
Pulse format granules melanosomes melanosomes melanosomes
Rectangular 2.3-300 530 530
Twin pulses 5-630
Sawtooth-like 300, 630 300, 630 530 530
Q-switch-like 2.2-630 2.2-630 530 530
Quintuplet pulses 630 630
Triplet pulses 630

“See also Fig. 1.

To measure the cavitation bubble lifetime, Thypble, the setup also included a counter-propagating
He-Ne probe beam and an avalanche photodetector (APD, Thorlabs APD110A) to measure the
probe transmission with a temporal resolution of 50 ns. Similar setups have been employed in
earlier experiments to study cavitation bubble dynamics (see for instance reference 36). The
probe beam was chopped synchronized to the laser pulses with an acousto-optic modulator (AOM,
Newport Corp. model EOS N23080) to limit the probe irradiation time to a few microseconds
in order to limit heating of the particles. Also, a variable beam expander allowed for adjusting
the probe beam diameter at the sample to maximize the bubble detection sensitivity. The APD
signal (probe transmission) and the photodiode signal (irradiation pulse shape) were recorded by
a digital oscilloscope (Tektronix MDO 4104-3). All irradiations were carried out with a single
melanin granule or a single melanosome present and centered within the 18 pm laser spot.

2.4. Irradiation conditions in the time domain

In a first series of experiments, six different pulse formats (Fig. 1) with duration ranging between
2 and 630 ns were employed to irradiate bovine melanosomes and melanin granules in single
shot. Here the term format denotes a type of pulse temporal shape or intensity profile in the time
domain (range of 2-630 ns), regardless of its duration. For instance, the laser can be programmed
to produce sawtooth-like pulses of differing durations lying between 2 ns and 630 ns to investigate
the relationship between the cavitation threshold and the pulse duration for the sawtooth-like
format. In a second series of experiments, a “picosecond burst” (PB) mode was employed.
In the PB mode, compact trains of picosecond pulses can be generated, the shape of trains
being programmable over the same temporal range than in the “regular” nanosecond mode just
described. In other words, the laser can be programmed to produce trains of picosecond pulses,
the format (type of amplitude profile) of the trains being adjustable over a range of durations
of 2-630 ns. The picosecond sub-pulses are evenly spaced in time (550 ps period) and have a
typical full width at half maximum (FWHM) of 60 ps, which lies in the range of durations where
thermoelastic effects become relevant for melanosomes [48,49]. Figure 1 compares nanosecond
and PB modes for a given pulse format in terms of the emitted peak power for the same total
energy. Typically, the peak power is 4 —5 times higher in the PB mode [57], compared to
the nanosecond mode. By comparing experiments in both the nanosecond and the PB mode
observations about the impact of the peak power and the effect of stress confinement on the
cavitation threshold and on the bubble dynamics are extracted. Three pulse formats (rectangular,
sawtooth-like and Q-switch-like) with the same duration (530 ns) were employed to irradiate
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leporine melanosomes in both modes of emission. In the PB mode, each train was formed of
about 969 sub-pulses, the average radiant exposure produced by a sub-pulse at the cavitation
threshold being of the order of 100-200 uJ/cm? at the focal point. Table 1 presents a summary
of the durations employed for each pulse format, laser operating mode and sample type in both
series of experiments.

2.5. Determination of radiant exposure

All values of the radiant exposure H for the irradiation (mJ/cm?) correspond to the experimentally
determined peak radiant exposure at the sample (at the center of the irradiation laser beam). The
peak radiant exposure was calculated from the measured energy per pulse (see section 2.3) and
the spatial intensity profile measured at the sample plane with the ICCD camera, after background
subtraction.

2.6. Thermal modeling

The evolution of the temperature field within and around the particles upon irradiation was
modeled using Matlab (version R2013a, MathWorks). The numerical model considered spherical
particles of homogeneous composition within a homogeneous and transparent medium, and was
built around an extension of Goldenberg and Tranter’s solution [58] of the heat equation,

— —«kVT = — (1)

where T is the temperature increase, « is the thermal diffusivity, p is the density, ¢, is the specific
heat and A is the energy uptake per unit volume and per unit time by the particle. Although
Goldenberg’s solution applies for a constant source term, it can also be employed to compute the
solution for a time-dependent source term [15], as occurring in particle heating driven by laser
pulses having arbitrary temporal shapes. The method relies on finding the impulse response of
the system and doing a convolution of that impulse response with the time dependent source
term. This solution assumes homogeneous spatial heating of the particles. Therefore, only a
radial dependency of the calculated temperature distribution is provided at any given time. Since
non-uniform, approximately gaussian beam profiles were employed to irradiate the particles,
heating was not perfectly homogeneous in a plane normal to the beam axis. This was accounted
for in the calculation of the energy uptake by the particles by performing integration of the fluence
over the beam radius, assuming a Gaussian beam profile and employing an approach similar to
that of Gerstman et al. [9].

3. Results

3.1. Cavitation threshold — experimental results

At the cavitation threshold radiant exposure, Hr, a small dip appears in the probe transmission
signal, toward the end of the laser pulse. Time-resolved images taken in this condition typically
reveal nucleation of a bubble starting at a given site on the surface of the melanin granules
(Fig. 2(A)), as also reported for other types of particles in previous work [15,59].

As shown in Fig. 2(B), the threshold was found to be independent of the size of the melanin
granules (range 1-5 pm in diameter), which further suggests that local, submicronic surface
phenomena dominate the onset of microcavitation, as opposed to global processes involving
the whole granules. For melanosomes, the spatial resolution of the setup was not sufficient to
visualize localized nucleation sites.

Figure 3(A) summarizes the results obtained for the cavitation threshold radiant exposure in the
nanosecond mode. For each data point, the threshold was determined from a probit fit on data sets
including measurements carried out with a least 20 particles. An example of such a fit is shown in
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Fig. 2. Cavitation threshold results in the nanosecond mode with melanin granules. A) Time-
resolved images showing a melanin granule before and 100 ns after irradiation by a single
laser pulse (pulse format: rectangular, pulse duration: 300 ns), showing a localized nucleation
site (arrow). B) Measured cavitation threshold radiant exposure (H7) for individual granules
as a function of the granule radius for different pulse formats.

Fig. 3(B). As can be seen in Fig. 3(A), the impact of the pulse format grows with increasing pulse
duration, especially above 50 ns. Differences of up to ~ 40% exist for a pulse duration of 630 ns.
For both the melanosomes and the melanin granules, the Q-switch-like pulse format yielded the
highest threshold radiant exposures (and thus the poorest thermal confinement). The comparative
cavitation threshold radiant exposure measurements performed in the nanosecond and PB modes
for leporine melanosomes (not shown) revealed no significant differences between both modes,
for all three tested pulse formats. The sawtooth-like format yielded the lowest threshold values in
both modes of operation of the laser.

3.2. Threshold modeling results — surface temperature vs melanin particle radius

Figure 4 shows the numerically determined temperature elevations at the surface of spherical
melanin particles in water as a function of their radius, when irradiated by pulses of differing
formats at the experimentally determined threshold radiant exposures for melanin granules
(Figs. 4(A) and 4(B)) and bovine melanosomes (Fig. 4(C)). The values listed in Ref. [15] were
assumed for the thermal properties of water and melanin. In general, the temperature was found
to be dependent on the radius of the particles.

In Fig. 4(A), the coefficient of absorption i was set to 2370 cm™!, corresponding to the value
published by Jacques et al. [60], which yielded an average maximum temperature elevation
of only (18 £4) K. This is obviously far from being sufficient to initiate vaporization, which
requires at least AT ~100 K [61] and more likely AT ~120-130 K [5,11,15,59]. The model
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Fig. 3. Cavitation threshold results in the nanosecond mode — influence of the pulse format.
A) Cavitation threshold radiant exposures measured as a function of pulse duration with
differing pulse formats, for melanin granules and bovine melanosomes. B) Bubble onset
probability Py,pple measured as a function of radiant exposure for bovine melanosomes with
the Q-switch-like pulse format (duration: 630 ns). The numbers at the data points indicate
the number of measurements performed to determine Ppyppje at a given radiant exposure.
Total number of measurements: 100 (n= 100), on 92 different melanosomes (N =92). The

probit fit yielded H7 =212 mJ/cm? in that specific example.
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Fig. 4. Calculated surface temperature elevation of spherical melanin particles in water
vs particle radius R upon irradiation with rectangular pulses of differing duration (color
legend), at a radiant exposure corresponding to the experimentally determined cavitation
threshold for melanin granules, assuming x = 2370 cm™!(A), and iz =20 000 cm™! (B). For
the dashed portions of the curves, the thermal confinement condition 7, < R%/4x is fulfilled.
C) Same calculation, for different pulse formats, at a radiant exposure corresponding to
the experimentally determined Hr for bovine melanosomes and with p set to a value
(13500 cm™!) yielding an average maximum temperature elevation of 100 K. Q denotes the
Q-switch-like pulse format, S the sawtooth format and 5P the quintuplet pulse.

predicts that a minimum value of u ~ 20 000 cm™' is required to produce a temperature rise of
100 K (Fig. 4(B)).

For melanosomes, a minimum value of = 13500 cm~!is predicted to reach AT ~100 K in
average. However, as shown in Fig. 4(C), the radius at which the maximum temperature increase
occurs is found to depend on the pulse shape and duration and does not generally correspond to
Rinelanosome (= 0.5 um, indicated by the red arrow).

3.3.  Microbubble dynamics
3.3.1. Single vs train of short nanosecond pulses

Figure 5 compares the bubble volume evolution with radiant exposure for a single short nanosecond
pulse and a train of five such short pulses (quintuplet pulse format, see Fig. 1). The maximum
volume V. of the bubble (at the end of its expansion) is calculated from its radius r,,,y, Which is
first estimated (neglecting the role of surface tension) from the measured bubble lifetime 7p,pp;e

using Rayleigh’s equation,
T oo Too
y o Toubble [P Psar(Teo) @)
1.83 o(Teo)

where po, is the ambient pressure (101 kPa), psqr (Ts) the saturated vapor pressure at ambient
temperature (2.33 kPa at T, =293K) and p(7) the density of water (1000 kg/mS). Then, the
correction factor given in Ref. [36] is applied to account for surface tension effects and avoid
significant underestimations of the bubble size for Tp,pp. < 1us. As evidenced in Fig. 5, the
bubble volume was found to increase very steeply with radiant exposure, as also reported by
Neumann and Brinkmann [16,17], whereas much smaller bubbles are produced above threshold
with the quintuplet. For the single pulse, the probe transmission data reveals a single bubble
whose lifetime increases with radiant exposure, as opposed to the pulse trains, where several
bubbles having shorter lifetimes can be produced, as shown in Fig. 6.

3.3.2. Q-switch-like vs sawtooth-like pulse formats (nanosecond regime)

Figure 7 demonstrates that for a given pulse duration, the pulse format can significantly affect
the microcavitation dynamics and the resultant bubble size above the threshold. For bovine
melanosomes and pulse widths 7, of 300 ns (Fig. 7(A)) and 630 ns (Fig. 7(B)), the average bubble
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Fig. 5. Average maximum bubble volume (Vmax) as a function of the relative radiant
exposure above threshold for a single and a train of 5 short (2.2 ns) pulses (bovine
melanosomes). The pulse train duration is 630 ns (157.5 ns delay between consecutive
pulses). For each data point, the average volume was calculated from at least 5 measurements
(n=5).

volume grows substantially faster with radiant exposure for the Q-switch-like shape, compared
to the sawtooth-like shape, especially for H > 1.4H7. For 7, = 630 ns, the sawtooth-like format
produced bubbles whose volume is nearly independent of radiant exposure in the range of 1H7 to
2H7. For that same pulse duration at H = 2H7, an order of magnitude difference was noticed in
the average volume of the bubbles generated with these pulse formats.

Interestingly, two different signatures were found in the probe transmission data (total number
of irradiated melanosomes = 109) for the Q-switch-like format and 7, = 630 ns (Fig. 7C). For
80% of the cases, the Tp,ppie increases with radiant exposure, with some rebounds noticed mainly
for H> 1.5H7. For the remaining 20%, the self-limited bubble growth behavior reported by
Neumann and Brinkmann [16] was observed.

3.3.3. Microbubble dynamics: nanosecond vs picosecond burst modes

Microcavitation experiments were conducted with leporine melanosomes, using the Q-switch-
like and the sawtooth-like pulse formats in both the nanosecond and the PB modes, for radiant
exposures up to 1.8Hr. For these experiments the pulse (or burst) width was fixed (7,=533
ns), and a least 25 different melanosomes were individually irradiated for each condition. No
significant differences in the bubble volume were found between the PB and the nanosecond
regimes, the volume being essentially determined by the format employed (shape of the temporal
envelope of the pulse or burst, either Q-switch-like or sawtooth-like envelope). These results
suggest that thermoelastic stress has little or no influence on the microbubble dynamics when
using picosecond pulse trains and the irradiation conditions that were employed during the
experiments. As will be discussed in section 4, this result can be interpreted by considering the
differences in the influence of stress confinement on phase transitions between single energetic
pulses and bursts of low-energy pulses.
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Fig. 6. Typical bubble dynamics around bovine melanosomes for a single (left column)
and a train of (right column) 5 short pulses (2.2 ns each). Blue curves: laser pulse, orange
curves: transmitted probe. For each bubble, the maximum volume Vyax is indicated. Right
column: P2, P3, etc. denotes bubble incipience at pulse 2, 3, etc.
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Fig. 7. A) and B) Average maximum bubble volume (Vmax) as a function of the relative
radiant exposure above threshold for two different pulse formats (Q-switch-like, sawtooth-
like), measured with bovine melanosomes. A) 7, =300 ns, B) 7, =630 ns. For each
data point, the average volume was calculated from at least 5 measurements. C) Typical
bubble dynamics around bovine melanosomes at different radiant exposures for Q-switch-
like vs sawtooth-like pulse formats and 7, =630 ns. Blue curves: laser pulse, orange
curves: transmitted probe. Top row: H=1.25*HT, middle row: H=1.50*HT, bottom
row: H=1.87*Ht. Two different dynamics were observed with the Q-switch-like format,
including the self-limited bubble growth reported by Neumann and Brinkmann [16], which
represented 20% of the cases (22 out of 109 irradiated melanosomes).
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4. Discussion
4.1. Cavitation threshold — nanosecond regime

The impact of the pulse shape on the cavitation threshold as a function of pulse duration can be
interpreted using semi-quantitative reasoning. The particle’s surface temperature is dependent on
the balance between the heating and cooling rates. Depending on this balance, more or less laser
energy is required to reach the nucleation temperature. For heating rates much shorter than the
cooling time, the pulse shape has negligible effect on the threshold because heating dominates
and negligible thermal losses occur during the pulse, regardless of the shape. Contributions
from pulse shaping increase when the particle heating rates become comparable to the particle’s
characteristic thermal relaxation time 7, given by

2

Th = f—K (3)
where R is the particle radius and « the thermal diffusivity. As evidenced in Fig. 3(A), the
influence of the pulse shape on the threshold becomes significant for 7, > 50 ns. If this transition
is assumed to match the condition 7, = 74, then from Eq. (3) a particle radius lying between 160
and 240 nm is found, using the values (with « lying between 1.22 x 10~ m?/s and 2.96 x 107
m?/s) that were reported [15,62,63] for the thermal diffusivity of melanin. This is smaller than the
radius of the melanin granules irradiated in this study and also smaller than a typical melanosome
(Rimelanosome =0.5 pm). This seems consistent with the observation of localized nucleation sites at
the surface of the particles and threshold values independent of the radius of melanin granules
when in the range 1-5 um (Fig. 2).

Qualitative arguments can also be employed for the interpretation of the pulse shape related
differences in threshold radiant exposures for a given pulse duration. For example, consider the
Q-switch-like vs the sawtooth-like shapes. With the Q-switch-like shape, most of the heating
occurs at the beginning of the pulse, leading to early establishment of a significant temperature
gradient between the particle and its surroundings. Conversely, with the sawtooth-like shape,
most of the temperature gradient is created towards the end of the pulse (that is, right before
bubble incipience when at threshold). Since the heat flow escaping from the particle grows
proportional to this gradient, the energy delivered to the surroundings during the pulse is more
important with Q-switch-like profiles than for sawtooth-like profiles. Therefore, reaching the
nucleation temperature requires more energy with the former, hence a higher threshold radiant
exposure.

4.2. Cavitation threshold — picosecond burst regime

Deconstructing nanosecond pulses (7, = 533 ns) in trains of picosecond sub-pulses was found to
have no measurable impact on the cavitation threshold. The stress confinement time 7 is given
by

_ 2R

Cs

(4)

Ts

where R is the particle radius and c; the speed of sound in the particle.

For a melanosome with R = 0.5 um, 75 =~ 700 ps, assuming c;=1500 m/s for melanin [15]. Since
the duration of each individual sub-pulse is 60 ps in the PB mode, the thermoelastic expansion
of the melanosome cannot dissipate energy fast enough to prevent a pressure buildup during a
sub-pulse. Depending on their amplitude and duration, pressure transients can potentially affect
the cavitation threshold, since the nucleation temperature is pressure-dependent, as pointed out by
Neumann and Brinkmann [59]. In particular, the tensile part of the transients can induce bubble
formation even for temperatures much lower than required for explosive vaporization [35-37,49].
A crude estimate of the amplitude and duration of the pressure transients can be calculated using
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the homogeneous and linearized model proposed by Sun and Gerstman [64]. Using this model,
it can be shown that a single sub-pulse in the PB mode would produce a pressure an order of
magnitude larger than that generated by the entire pulse envelope in the nanosecond mode. For the
typical radius of a melanosome (R = 0.5 um), the calculated stress in the PB mode is in the range
of 350 — 439 kPa. These pressures are comparable to the saturated vapor pressure for nucleation
temperatures lying between 411K and 419K, which are typical for melanosomes [11,15,59]. Now,
the amplitude of tensile wave depends on the acoustic impedance mismatch at the melanin-water
interface. Using the reasoning and assumptions of Jacques et al. [65] the tensile stress produced
by an individual sub-pulse would be of the order of only 21-26 kPa, which is quite low compared
to the threshold stress of 800 kPa for cavitation bubble generation in aqueous solutions [65], and at
least a factor of five smaller than the Blake threshold for heterogeneous nucleation with an initial
bubble having the size of a melanosome [37]. Even a constructive superposition of two such
tensile transients arising from two consecutive individual sub-pulses (separated by a time interval
of 550 ps) would likely yield tensile stresses below the threshold. The fact that similar cavitation
threshold values were found in the nanosecond and PB modes is indicative that the dynamics
of bubble generation using bursts of low-energetic picosecond pulses (each meeting the stress
confinement condition) will generally differ from the bubble generation mechanisms involved
when using individual energetic picosecond pulses. As in the nanosecond mode, explosive
vaporization likely dominated the bubble generation process in our experiments using the PB
mode; most probably because each individual sub-pulses generated insufficient tensile stress
to initiate a phase change (cold bubble generation). Nonetheless, the possibility of generating
sufficient tensile stress in the PB mode to initiate cavitation with less energy delivered to the
melanosome (compared to explosive vaporization-based bubble generation in the nanosecond
mode) should not be ruled out. For instance, a series of n picosecond sub-pulses of equal energy
could be delivered, the last one having just the energy required to produce the necessary tensile
stress, considering the increase of the temperature-dependent Griineisen coefficient I" [37,65]
arising from the heating of the melanosome by the first n-1 pulses. For the sake of example,
consider ten consecutive 60 ps-sub-pulses of equal energy with a constant inter-pulse period of
550 ps (therefore a burst of ~ 5 ns), with a deposited energy of 32 J/cm? per sub-pulse, which is
assumed sufficient to produce the tensile stress required to initiate bubble formation with I ~
0.4 [65]. Each sub-pulse would generate a temperature jump of 8.5 K [65]. As the temperature
increases by 8.5 K steps, I also increases by steps (starting from a value of ~ 0.1 at room
temperature) until it reaches the value of 0.4 at the tenth sub-pulse, that is sufficient to initiate
cavitation. In that example, the total temperature increase for the whole burst is 85K at most,
which is not sufficient to trigger explosive vaporization, but the tensile stress produced by the
tenth sub-pulse is sufficient for thermoelastically-driven bubble generation. At threshold, the
total deposited energy (burst energy) is 320 J/cm?, which, for the coefficient of absorption of 12
000 cm™! experimentally determined in this work for melanosomes, corresponds to a radiant
exposure of ~ 27 mJ/cm?, a value lower than the explosive vaporizations thresholds (55- 120
mlJ/cm?)typically reported [5,11,15—17] for short nanosecond pulses at around 532 nm, including
in this study. To produce the energy uptake mentioned in the above example, the radiant exposure
of each sub-pulse needs to be about 20 times larger than it was during the experiments carried
out in the PB mode. Since the above calculations are rough estimates, more sophisticated models
and additional experimental work are needed to confirm or to invalidate these predictions. The
experimental results obtained in the PB mode can also be discussed from the perspective that the
PB mode allows for employing higher pulse peak power levels without noticeable impact on the
bubble generation dynamics and bubble size dependency with respect to radiant exposure. This
could turn out to represent an opportunity for improving the signal to noise ratio of photoacoustic
dosimetry techniques for sub-microsecond laser eye surgeries, since in the PB mode a tenfold
increase of the acoustic pressure levels is predicted, compared to the nanosecond mode, for the
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same delivered energy. Another advantage of working with higher peak power for a given energy
is to improve the harmonic wavelength conversion efficiency when producing pulse trains in the
visible region of the spectrum from lasers relying on an oscillator emitting in the near-infrared
(where melanin absorption can be an order of magnitude lower compared to visible wavelengths
[60,61]).

4.3. Modeling results — surface temperature vs melanin particle radius

For the curves of Fig. 4, the presence of a maximum AT, is noticed for some radius Ry,
that grows with pulse duration. The fact that Ry, is in general smaller than the typical radius
of the granules that were irradiated in the experiments suggests that models considering local
heating at the surface of the granules may be more relevant than models assuming homogeneous
heating of the whole granule. Other authors discussed the possibility of hot spot structures in
laser-heated melanosomes with local temperature rises an order of magnitude higher than the
average melanosome temperature and local absorption coefficient as high as 36 000 cm™! for an
average melanosome absorption coefficient of 2 000 cm™![66]. Evidence of localized nucleation
sites (Fig. 2(A)) and the observation of threshold radiant exposures being independent of the
granule radius (Fig. 2(B)) further suggest that such local heating effects shall be considered to
accurately model the temperature evolution and the onset of microcavitation at the surface of the
particles.

4.4. Local heating model

To model the cavitation thresholds in the context of local heating using our adaptation of
Goldenberg’s solution, we considered spherical volumes of variable radii corresponding to a
portion of the whole particle that is in contact with water, as shown in Fig. 8. For temperature
calculations, the spherical volume was treated as an isolated particle in water, thus neglecting the
influence of the rest of the melanin granule. This approximation appears reasonable if thermal
confinement applies within the spherical volume and if the thermal conductivity «pc, of melanin
is close to that of water.

Spherical volume

Melanin particle

Fig. 8. Illustration of the local heating model for melanin particles. Only a spherical portion
of the granule is considered in the calculations.

For a given pulse format, the rate of temperature increase d7/dH, where H is the radiant
exposure, is calculated as a function of the radius of the spherical volume. A curve similar to
the ones shown in Fig. 4 is then generated, with a maximum rate (d7/dH),,.y at a specific radius
R7max- The model then assumes that the cavitation threshold Hr is given by

Tnuc - Tamb

Hr = (T Jat),

&)

where Ty, is the nucleation temperature, which is assumed constant for all pulse formats [15], and
T.mp the ambient temperature. To fit the experimental thresholds for bubble formation, the model
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considers 7, and u as free parameters. Since a single nucleation temperature is assumed for all
irradiation conditions, the product of the experimental threshold with (dT/dH ),y is expected to
remain constant for all pulse shapes and duration. As such, a statistical criterion can be defined
to determine the best fit values of T, and u for a given set of experimental thresholds, namely
the minimum of the coefficient of variation (C.V.) of the quantity Hy X (dT/dH )yax, given by

C.V.=std(Hr X (dT/dH),,,,) ~ Hr X (dT /dH),,,; (6)
Figure 9(A) shows the corresponding modeled curves for rectangular pulses (with n = 35 threshold
measurements with Sepia melanin granules), assuming thermal properties previously reported
[15], where thermal conductivities of melanin and water differ by only 17%. The minimum C.V.
of 0.046 is found for =18 000 cm™" and Hy X (dT/dH),,,, = 95 K. Assuming Ty, =293 K,
Eq. (5) yields a nucleation temperature of (388 = 4) K, which is close to the value of (385+7) K
published by Jacques and McAuliffe [61] for skin melanosomes, and reasonably consistent with
the results reported by Neumann and Brinkmann ((409 + 23) K) for retinal porcine melanosomes
[15]. With these parameters entered in the model, the calculated thresholds for Sepia melanin
granules are found to be in reasonable agreement (average error of 6.6%) with the experimental
results, as shown in Fig. 9(B). The geometric simplicity of the model compared to the complexity
and polydispersity of the structure of the granules might be at the origin of the discrepancies
between the model and the experiment. More sophisticated models accounting for the actual
topology and variances of the granules would be more reliable. Also, thermal confinement
inside the spherical volume was assumed, which is only weakly fulfilled for some pulse shapes
(Fig. 4(B)).

To fit the thresholds measured with bovine melanosomes, an upper limit of 0.5 pm was
imposed for the radius of the spherical volume of Fig. 8, corresponding to the typical radius of a
melanosome. Using again properties of Ref. [15] for melanin, a minimum C.V. of 0.10 is found
at =12 000 cm™', with a nucleation temperature of (387 + 9 K), as illustrated in Fig. 10(A).
Again, the resulting model’s predictions for the threshold dependency on the pulse format closely
match those of experimental results (Fig. 10(B)).

4.5. Bubble size vs radiant exposure
4.5.1. Pulse formats with multiple short sub-pulses vs single short pulse

The lowest thresholds were obtained with single short pulses of a few nanoseconds. Our results
also confirm the quick increase of bubble size above threshold previously reported [4,16,17].
Our results further demonstrate that trains of such short pulses can be used to limit the growth
in bubble size (Figs. 5 and 6), at the expense of a higher threshold (150 mJ/cm? vs 84 mJ/cm?
for the cases shown in Fig. 6). Moreover, 150 mJ/cm? is about three times lower than reported
thresholds for melanosomes irradiated with 1.8 ps long Q-switch pulse envelope that are typically
employed in SRT procedures [4], and 1.8 times lower than 240 ns long Q-switch pulses [16].
To explain the bubble size limitation, first, the case of a pair of identical sub-pulses (twin pulses
in Fig. 1) is considered. At cavitation threshold, a bubble is initiated at the second sub-pulse.
Upon increase of the radiant exposure, the maximum size of this bubble increases (cavitation
starting on the second sub-pulse). At a certain radiant exposure, the energy contained in the
first sub-pulse becomes sufficient to initiate cavitation. Above that point, cavitation starts on the
first sub-pulse, and the lifetime of any bubble initiated at the second sub-pulse could be limited
to a maximal value. A possible explanation for this bubble dynamics is that a shielding effect
of the bubble created at the first sub-pulse could be involved. As such, because bubbles can
scatter and/or diffract light, they can shield absorption of laser light. For twin pulses, this would
happen for radiant exposures such that the lifetime of the bubble initiated at the first sub-pulse
is of the same order or larger than the delay between the two sub-pulses. The consequence
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Fig. 9. Local heating model results for melanin granules. A) Model’s predictions for the
coefficient of absorption (18 000 cm~!) and maximum surface temperature increase (95 K)
at threshold for melanin granules irradiated by rectangular pulses having durations ranging
from 2.2 ns to 300 ns. B) Calculated (squares) vs experimental (dots) threshold radiant
exposures for melanin granules (u = 18 000 cm™!, T}, = 388 + 4 K) irradiated with differing
pulse formats. The height of the squares represents the uncertainty on the predicted values
due to the uncertainty on the nucleation temperature.

is that the lifetime (and hence the volume, since they are related) of the bubble created at the
second sub-pulse can be controlled so that it will not exceed a maximum value determined by the
individual sub-pulse characteristics and by the time delay between them. This translates into a
reset in dynamics of the maximum bubble size when increasing the radiant exposure, as shown
in Fig. 11, for melanin granules. This reset extends the range of radiant exposures for which the
bubble volume can be maintained smaller than a certain value, compared to irradiation with a
single short pulse. This high level rationale can be generalized to pulse formats having more than
2 sub-pulses for interpreting the result of Fig. 6. In general, upon increase of the radiant exposure,
multiple bubbles will be generated, with sizes and incipience times being determined by the
interplay between the energy of the sub-pulse, their period and the magnitude of the shielding
effects described above. Using ray optics, we have roughly estimated the loss of deposited
energy in the absorber due to bubble shielding at 25% when considering a perfectly spherical
bubble centered on a spherical absorber. In reality, the bubble can emerge from a localized
site of non-spherical absorbers (see Fig. 2(A)) and scattering effects certainly come into play.
More sophisticated models are therefore required to evaluate the amount of shielding with better
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Fig. 10. Local heating model results for bovine melanosomes. A) The model’s predictions
for 1 and the maximum surface temperature increase at threshold are 12 000 cm™! and 94 K
respectively. B) Calculated (squares) vs experimental (dots) threshold radiant exposures for
bovine melanosomes (u =12 000 em™!, Tpue =387 £ 9 K) irradiated with differing pulse
formats.

accuracy. Another possible explanation for the absence of bubble formation after the second
pulse at H >1.6 Hr would be that the heating produced at the nucleation site is very localized
(considering the short pulse duration of 2.2 ns, thermally-confined hot spots with diameters of
less than 40 nm would be produced) and the temperature of the hot spot after the second pulse
would have enough time to decrease below the nucleation temperature before the end of the
collapse of the bubble generated after the first pulse, as a result of heat conduction within the
whole melanin granule.

4.5.2. Sawtooth-like vs Q-switch-like pulse formats

As discussed in section 4.1, the higher threshold of the Q-switch-like pulse format is presumably
a consequence of larger amounts of heat delivered to the water due to larger temperature gradients
generated during the pulse, compared to the sawtooth-like format. Above threshold, the same
phenomenon may also partly explain the observed shape-related differences in the bubble growth,
since it can influence the volume of superheated, metastable water surrounding the particle. The
latter determines the amount of energy stored in the medium that can be converted into bubble
kinetic energy during bubble expansion. As the radiant exposure grows above threshold, the
steeper temperature gradients generated with Q-switch-like formats give rise to larger heat fluxes
transferred from the particle to the water, compared to sawtooth-like pulses. Consequently, more
energy would be available from the water to drive bubble expansion when Q-switch-like pulse
formats are employed, and larger bubbles would result. Another hypothesis is that the shielding
effect produced by the cavitation bubbles (see section 4.5.1) might have a larger influence for
the sawtooth-like format, compared to the Q-switch-like format. With the sawtooth-like shape,
laser energy absorption would be shielded for the most intense part of the pulse. Conversely the
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Fig. 11. Evolution of bubble volume with radiant exposure for melanin granules irradiated
by two short (2.2 ns) identical consecutive sub-pulses separated by a delay of 630 ns. A
reset of the bubble volume occurs at H~ 1.6XHT, corresponding to the transition at which
the cavitation starts to occur on the first sub-pulse.

Q-switch like shape this most intense part would not be shielded for a broad range of radiant
exposures above threshold. With the Q-switch like format, the medium is irradiated upfront
with the most intense part of the pulse, which would yield larger bubbles for the reasons just
mentioned, whereas for the sawtooth-like format the shielding effect would “shut down” intense
parts of the pulse that could otherwise produce larger temperature gradients and drive the growth
of larger bubbles.

Another possible origin of the more explosive vaporizations observed with the Q-switch-like
vs sawtooth-like pulses may be linked with the evolution of the bubble incipience time 7;,. at
suprathreshold radiant exposures. As the radiant exposure is increased above threshold, the
higher heating rates allow the nucleation temperature to be reached at earlier times, in other
words 7, decreases with increasing radiant exposure. As such, 7;,. can be seen as an effective
initial heating time or effective pulse duration for a given radiant exposure. The expanding bubble
can thermally insulate the melanosome and to some extent potentially shield further absorption
of laser energy at later times. Figure 12 shows the corresponding experimental data along with
the thermal model’s predictions for 630 ns long pulses. Clearly, Tjc (0—swirch) < Tinc (Sawtooth) Tor
a given relative radiant exposure. For example, at twice the threshold, ;¢ (g—swiren) = 133 ns
whereas 7;,¢ (sawtoorm) ~ 400 ns.

A detailed model allowing the calculation of the relationship between the maximum bubble
size and the laser pulse duration 7, has been proposed by Faraggi et al.[7]. For rectangular pulses,
the model predicts a significant decrease in the bubble size for 7, > 100 ns, which defines a
typical “vaporization confinement time” 7,. Reciprocally, the maximum bubble size is expected
to grow as the heating time is reduced from a few hundreds of nanoseconds down to =100 ns or
less. Considering this together with the data plotted in Fig. 12, an interpretation of the differences
observed in the bubble size vs radiant exposure for Q-switch-like vs sawtooth-like formats can be
postulated if one assumes that the maximum bubble size will start to increase significantly for
radiant exposures where 7;,c < 7,. The relative radiant exposure Hgy (normalized to threshold)
for which 7, = 7, yields Hry(o-swirch) < Hrv(Sawioorn) from the results of Fig. 12. In other words,
the radiant exposure above which significant increase of the maximum bubble size occurs is
closer to the threshold for the Q-switch-like format than it is for the sawtooth format. This is
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Fig. 12. Experimental vs calculated bubble incipience time (relative to the beginning of the
pulse) for bovine melanosomes irradiated with Q-switch-like and sawtooth-like pulses of the
same duration (630 ns), as a function of the radiant exposure (normalized with respect to
the threshold exposure, vertical axis). At a given normalized radiant exposure, the onset of
cavitation occurs at an earlier time for the Q-switch-like format, which is consistent with
more explosive vaporizations observed with this pulse format, and given the model proposed
by Faraggi et al. [7].

consistent with the result of Fig. 7B, where for the sawtooth format no significant increase of the
bubble volume is observed between Hr and 2Hr, as opposed to a steep increase starting at 1.4H7
with the Q-switch-like shape. The latter radiant exposure value can be employed to estimate 7,
from the thermal model fit shown in the left part of Fig. 12 (blue curve), since we assumed that
the increase of the maximum bubble size starts at 7;,. ~ 7,. For H/Hr = 1.4 the thermal model fit
yields 7;,c = 190 ns, which is within the order of magnitude predicted by Faraggi’s model for the
vaporization confinement time (7, &~ 100 ns). Besides, extrapolation of the thermal model fit for
the sawtooth-like shape (Fig. 12, orange curve) down to 7;,. = 190 ns gives H/Hr =~ 7, which is
consistent with the nearly constant bubble volume observed in the range of H/Hy =1 - 2.

4.5.3. Self-limited growth of bubbles

The self-limited bubble growth reported by Neumann and Brinkmann [16] was not consistently
observed in our experiments. Our results indicate that the inception of this type of bubble
dynamics depends on the pulse shape being employed, not just pulse duration. Spatial effects
could also be involved, as Neumann employed a top hat beam whereas our beam profile was
Gaussian. Quantitative modeling of the influence of these factors on the onset of pulsational
boiling within a spatial and temporal non-uniform temperature field may be complicated. However,
the main consequence of our results is that the influence of the pulse shape cannot be ignored for
controlling and optimizing the confinement of the thermal and bubble induced damage range
and the safety range at a given radiant exposure. In this context, the sawtooth-like pulse format
yielded the most consistent and predictable bubble sizes.

4.5.4. Bubble dynamics in the picosecond burst regime

As for the threshold, no difference in the bubble dynamics was found between the nanosecond and
the picosecond burst regimes for radiant exposures up to 1.8H7. For H = 1.8(180) = 324 mJ/cm?
and u=12 000 cm™' in melanosomes, the linearized model proposed by Sun and Gerstman
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[64] predict a peak stress of 667 kPa at the melanosome surface, which is four times higher
than the saturated vapor pressure of water at a nucleation temperature of 387 K. The predicted
tensile stress is ~40 kPa, using the same approach as in section 4.2. Nonetheless, compressive
and tensile stresses resulting from thermoelastic expansion of the melanosome seem to have
no impact on the vaporization kinetics and bubble growth for the bursts of picosecond pulses
that were used in the experiments, which suggest that the thermoelastic stresses generated by
the individual 60-ps sub-pulses were not strong enough to initiate a phase change. Different
outcomes are expected with more energetic individual pulses, and possibly with bursts containing
more energetic sub-pulses causing an increase of the Griineisen coefficient during the burst, as
discussed in section 4.2.

5. Conclusion

The influence of the pulse amplitude profile on bubble nucleation around microscopic melanin
granules and melanosomes was investigated in the nanosecond and picosecond temporal pulse
domains. For pulse duration longer than 50 ns, significant differences (up to 40%) in the threshold
radiant exposures are observed, and at suprathreshold exposures the bubble dynamics are strongly
influenced by the pulse shape. In particular, the onset of pulsating boiling leading to self-limited
bubble growth was found to be pulse shape dependent. Our results demonstrate that pulse formats
typically produced by Q-switch lasers are far from being optimized in terms of heat and bubble
confinement. Sawtooth-like laser pulses with a positive slope yielded the most predictable bubble
sizes around melanosomes, with a threshold typically 40% lower than Q-switch-like profiles.
A thermal model accounting for local heating effects at the surface of melanin particles was
developed and fitted with experimental cavitation energy thresholds. The fit allows for predicting
the nucleation temperature and the x of melanin, based on a statistical criterion involving the
variance of the maximum temperature elevations calculated for the different pulse formats at
threshold. For melanosomes, a u=12 000 cm~! was computed, which is higher than the value
reported by Jacques et al. (2370 cm™!) but close to the coefficients published by Brinkmann et
al.[5]. The fits yielded nucleation temperatures of 387 + 9 K and 388 + 4 K for melanosomes and
melanin granules, respectively. The bubble incipience time evolution with radiant exposure was
studied and compared for the Q-switch-like and the sawtooth-like pulse formats. Fair agreement
was obtained between the experimentally determined incipience times and the calculated ones.
This data was further employed to interpret different bubble dynamics observed with these pulse
shapes. Microcavitation experiments were also conducted with shaped bursts of picosecond
pulses. The results suggest that in the tested irradiation conditions, thermoelastic stresses were
not influencing the nucleation process, yielding cavitation thresholds and bubble dynamics
similar to those found for nanosecond pulses having the same format and duration. The higher
peak power of these bursts of picosecond pulses have the potential of improving the signal to
noise ratio of photoacoustic dosimetry techniques for sub-microsecond laser eye surgeries and
also increase the harmonic wavelengths conversion efficiencies in surgical lasers built around
a near-infrared oscillator. Although not observed in our experiments, stress-confined bubble
generation is thought possible in the picosecond burst regime for sub-pulse energy levels at
least an order of magnitude higher than the level employed in this work, and would involve an
increase of the Griineisen coefficient during the burst. The use of single picosecond pulses instead
of bursts could also be considered as stress-confined bubble generation with lower thresholds
has been demonstrated, at least for homogeneous nucleation [20,36,36]. However, Kelly [11]
and Payne [19] found similar cavitation thresholds in the ns vs fs-ps regimes for melanosome
suspensions and RPE cells. Besides, shorter pulses tend to produce steeper increases of the
bubble size with radiant exposure, which can limit the therapeutic range for retinal surgical
procedures. Shorter pulses can also be affected (shape, duration, beam profile) by group velocity
dispersion and non-linear effects when propagating in a delivery optical fiber and in the eye itself,
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and are generally produced at a higher cost per photon. Based on the results of this study, we
conclude that pulses with sawtooth shapes and durations of a few hundreds of nanoseconds could
represent the optimal pulse parameters for SRT. In this regime, the bubble size can be kept almost
constant for radiant exposures up to twice the cavitation threshold, with a threefold reduction in
the threshold (when employing 630 ns-pulses) compared to the typical pulse parameters currently
used in SRT. These pulse formats can be easily and reliably delivered via optical fiber coupling,
without pulse distortion. Such sawtooth shapes can be achieved, at least in principle, with
relatively compact, low cost, customized and frequency-doubled Q-switch lasers. At a higher cost
per photon, more sophisticated, frequency-doubled fiber lasers can offer a finer control over the
pulse shape with the added benefit of producing sawtooth-shaped bursts of ps pulses for improved
photoacoustic dosimetry during the surgical procedures. Altogether, these outcomes demonstrate
that sub-microsecond pulse shaping may provide an efficient means of controlling laser-directed
microcavitation in numerous applications requiring optimized thermal and mechanical damage
confinement, including highly selective cell targeting in retinal therapies.
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